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ABSTRACT

The Navy Clothing and Textile Research Unit (NCTRU) has developed an
Environmental Control Unit (ECU) for a life support iystem ihich was de-
signed primarily for shipboard operations, such as damage control, rescue,
and engine-room use, particularly during shutdown periods. The purpose of
the ECU is to control the enviroument within a fully enclosed, impermeable
Damage Control Suit (DCS).

This ECU uses wet ice in finned canisters for cooling purposes.
Closed circuit, forced ventilation is effected with a battery powered fan.
An easily replaceable chemical pack containing lithium hydroxide and potas-
sium superoxide provides for carbon dioxide removal and replenishment of

oxygen. The system will support a man for 1 hour at aa ambient temperature
of 100°F while performing moderate to heavy activity und at 140°F performing
light activity and for 2 hrs while performing light activity in ambient
temperatures of 1000F.

A highly efficient oxygen-sensing warning device consteaitly monitors
oxygen level within the suit. Currently, the ECU is worn as a backpack,
but contemplated modifiuations to a torso styled pack uould facilitate
entry through the small hatches and passageways found aboard ship.
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ENVIRONMENZAL CONTROL UNIT FOR
DAMAGE CONTROL SUIT SYSTEM

X1TTODUCTION

The Navy Clothing and Textile Research Unit (NCTRU) is deveioping a
life-support system, which consists of a fully enclosed, imperme&ýble suit
and en Environmental Control Unit (ECU) for maintaining a habitacle environ-
ment within the suit that can support a man for periods up to two hours
depending upon the ambient temperature and work activity regimer.

The cu-rent NCTRIJ interest is in developing a life support system
primarily for shipboard use in which many situations exist requiring
protection of +his kind. For example, engine-room environment.s are often
severe, particalarly during shutdown periods. Temperatures a,, high as
l!O 0 F are frequently encountered which, when coupled with highi humidity,
preclude the entry of engine-room personnel, even to perforn, ,unch light
duties as watchstanding for reasonable periods without being ;abject to
severe heat stress. Other shipboard uses for the life-support system
include damage control and rescue operations in which per.onizl may be
recuired to enter spaces filled with smoke or toxic gases.

The purpose of the ECU, which uses wet ice for a coolanx, is to control
the environment within a fuilly enclosed, impermeable suit (Damage Control
Suit, or DCS), which is also being developed at the NCTRU's Laboratory.
The ECU is designed to circulate and cool the air within the suit, remove
excess noisture and carbon dioxide, and maintain a safe oxygen level, thus
providing maximum. personnel protection against hostile environment , such
as toxic gases, low-oxygen levels, high humidities, and temperature
extremes.

Although additional work is required on this unit and modifications
are being considered, it appears that the system is well able to fulfill
its intended objectives. Tests have shown that a man can be maintained for
periods up to 120 minutes in lO0CF environments while performing light
activity and for 60 minutes at 140°F at light activity. Moderate to heavy
activity can be performed for 60 minutes at temperatures up to 1000F.

The main modification contemplatted at this time is a redesign of tie
ECU into a torso shaped pacic. This change wouid provide a configuration
which would facilitate entmy through the small hatches and passageways
found aboard ship. ThiL' new design would also allow the pack to be worn
outside the suit and interface with the suit by special connectors. Tnis
interface would per-it hhe exchange of the ECU without leaving the work
area, thus increaslng worh 6uration if necessary.



- In t, 's report the design and performance of -the ECU are discussed.
Data are presented snowing the rate of heat absorption under a wide variety
of inlet-air-temperature and relative-humidity conditions.

DESCRIPTION OF ECU

There axe three basic requirements for the support of a man in a fully
enclos ý.d space: temperature control, oxygen supply and the removal of carbon
dioxide. In the NCTRU DCS, as with most life-support systems, maetabolic
heat is dissipated from the man's body by evaporation and convection into
the air within the suit, -which must be continually cooled and dried. Several
methods for cooling the air have been tried.

Frevious work at NCTRIT includes the development and testing of a fan-
ventilated suit (1), an ,nsulated impermeable suit supplied with compressed
air for ventilation, cooling and breathing purposes (2), the evaluation of
a thermoelsectrice.lly cooled suit (3), and the physiological evaluation of a
liquid-air suit (4), It was shown that, when compressed air is used, tbe
tolerance time for personnel L.4der elevated temperature conditionr; can be
appreciably extended. The thermoelectric approach was unsatisfactory be-
cause of the weight &nd bulk of thermoelectric devices available at that
time. The liquid-air approach, attractive because the liquid air provides
cooling, air for breathing and power f'or its own circulation, is not gener-
ally suitable for shipboard use because liquid air is not usually available
aboard ships. Although each approach has its own advantages and disadvan-
tages, the wet-ice method appears to be the most suitable for shipboard use.
Wet ice is v-asily produced and is a desirable refrigerant material. It is
safe, non-toxic and, pound-for-pound, absorbs as much heat as liquid air
(between 00 and 70°F for ice and -314 0 and 70 0F for air).

The ice for the NCTRU ECU is contained in two finned canisters, each
of which holds six pounds of ice. Fins formed from deeply corrugated
aluminum sheeting are brazed to the four vertical sides of the canisters,
as illustrated in Figure 1, which shows the assembled ECU and its component
paxts.

Me ECU. which measures approximately 28" x 14" x 8", weighs about 40
pounds when fully loaded with ice and chemical packs. Its case and the
freeze canisters were made by the Frigivest Company under contract to NCTRU.
The case is constructed of PVC plastic with a double outer wall sandwiching
3/8-inch-thick polyurethane foam for insulation. The upper section of the
ECU comprises the plenum, which is sound-foam lined and which contains the
blower. Th- compartment for the chemical pack lies directly below the
plenum. It attaches to the lower section of the ECU with quick-release
fasteners to expedite relacement of the freeze canisters. A tank is pro-
vided below the freeze-canister compartment to contain the condensate.
Check valves prevent the condensate from flowing back into the freeze-
canister compartment should the ECU become inverted. The ECU is designed
so thiat both the cooling canisters and the chemical. pack can be quickly
and readily replaced when the DCS Js being used on an extendcd mission.
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The ECU is worn inside a pouch, which is attached to the upper back of
the DOS (Figure 2). An aluminum frame strapped to the wearer supports the
backpack and the polycarbonate plastic dome helmet. The frame, illustrated
in Figure 3, is equipped with padded straps which pass ovae° the w-warer's
shoulders. It attaches also to the hips by means of P. pad riding in the
small of the back and a strap enoircling the waict.Thus, weight is evenly
distributed over the wearer's body. Two, adjustable, aluminum supports are

fixed to the frame 4nd to the neck ring of the DCS to support the dome helmet.

Figure 4 presents a schematic illustration of the backpack. Air enters
through the inlet, located at the lower end of the freeze canisters, and
passes upward through the canister fins, giving off heat and moisture as it
cools. Passing through the chemical canister, the air gives off additional

• Moisture, oxygen iso produced• ad carbon diox.ide is removed. The chemical

canister measures 10"x 5-5/8" x 3-1/2". It weighs 4-3/4 pounds when filled
with lithlzn hydroxide, for the removal of carbon dioxide, and potassium
superoxide, for the replenishment of the oxygen. The canister bodies are
made of s ssteel sheet and contain tw.-ive 3-1/2" deep troughs, made
from metal screening running along the length of the canister. The troughs
hold the coarsely granular chemicals in layers to allow a free, well-distri-
buted flow of air through the pack. Seven troughs are filled with potassium
superoxide for the production of oxygen according to the equation

2KO2 • H2 0-)2KOH + 3/2 02 + Heat

The remaining five troughs are filled with lithium hydroxide for the removal
of carbon dioxide according to this equation

2 LiOH + C02-)*Li2C003+ H120 + Heat

Since the moisture in the air greatly exceeds that required for the
production of oxygen, a perforated baffle, which diverts most of the air
through the lithium hydroxide, is placed over the side of the chemical pack
that contains the pctassimn superoxide. A sodium chlorate can6iie, which is
incorpoated within the chemical pack for emergency use, is fired electri-
4ally and produces enough oxygen to support a man for 10 minutes. The
development, conLtruction and testing of the chemical canisters w;r• 4one
by the MSA Corporation under contract to NCTRU (5). Concurrently with the
development of the chemical pack, an alternate oxygen-supply system using
bigh-pressure oxygen was developed. This system contains oxygen contained
in a 54 cubic-inch 301 stainless steel bottle made by the Arde' Company
%sing standard roll and weld techniques. After fab.-ication, however, a
special technique 's used to strengthen the bottles by stretching them at
cryogenic temperatures. The low-temperature deformation converts the very
ductile, but :(-"-strength, austenitic 301 stainless steel to the mach
stronger martensitic condition, which is further strengthened by strain
hardening and aging. The bottle measures about 3 inches in diameter by

0.0 inches otrerall length and weighs a little more than one pound. It can
withsta.'d a working pressure of 2,000 lbs. and, when filled to capacity,
contains about 120 Jitres of oxygen, enough to support a man for aoout
two hoaurs.
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Quite extensive testing was done on one of the bottles by the General

Equipment and Packaging Laboratory at Natick Laboratories (6). Testing in-

cluded pressurized tests at both high and low temperatures, test on the

effect of thermat shock, salt spray, vwbration, and a destu.ictive test

involving en impact with a high-velocity projectile while in the pressurized
condition.

A two-stage regulator, built by the Scott Aviation Corporation under

contract to the NCE(RU, is used to feed the oxygen into the suil: at the rate

of approximately one litre per minute.

This alternate, oxygen-supply system, developed concurrently with the

chemical, oxyr •a-producing system, was to be used only if the chemical

approach prov I to be unsatisfactory. Because the chemriccl system was highly

sattsfactorx however, no provision for the high-pressure oxygen system will

be made in future models of the ECU.

A fter' passing through the chemical pack, the air is drawn into the

plenurn and exhausted through the outlet into the suit helmet. An electri-

cally driven blower, made by the Tor.ington Company, circulates air. Driven

by a 12-volt Globe DC motor running at about 12,000 RPM, this centriftgal-

type blowmer is designed to produce an air flow of 27 cubic feet per minute

against a pressure head of three inches of water. Testing at NCTRU has

shownr, that it will meet that requirement, drawing 2.65 amperes at 1.2 volts.

The performance of the blower is shown graphically in Figures 5A and

5B where static head, current c~n.irnption of RPM are plotted against air-

flow for three voltage levels--8, 10 and 12 volts. The blower exhausts

ir- o a GP2 sound-foam-lined plenum, and from there,directly into the helmet.

Mhe noise level within the helmet, from the fan, is about 70 db.

Power is obtained for the ECU from a 12-volt, 10-ampere-hour, silver-

zin2 battery (Silvercell) made by the Yardney Company. The battery, which

droviles ample power for a two-hour run, weighs only five pounds, includig

the case, which is attaahed externally to the ECU with quick.release faston-

ers, The silver-zinc battery requires eight cells for a 12-volt output.

Ear-h cell contains a small quantity of an alkaline electrolyte (potassixm

hylroxide) which is largely absorbed by the plates and separatcrs, :.esu2.t-.

ing in an almost unspillable battery. Charging may be accmplished by an

inexpensive, modified, constant potential charger requiring approximal;eD1"

24 h-urs for a fuill charge from the fully discharged condition. Th%- life

1xpectancy oi' the silver--zinc battery after activation is claimed to be

to 1-1/2 years by the manufacturer, depending on maintenance arnd sto:,ae

conditions. The cycle life is claimed to be 80 to 100 cycles. (Tests

conduct:d at NCTRTr on a set of eight silver-zinc cells that had been

stored for approximately one year under rather adverse ,_conditions ran foi.

1!9d test cycles over a period of 6 to 7 months before failure occurred.)
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Additio,' ' tests were run on a battery composed:of 12 silver-cadmium
.--e•lS, ma•de by the same manufacturer. Although theseecells produce only
S.)ot 2/3 of the voltage of the silver-zinc cells, they have a much longer
lifc expectancy, that is, over three years under optimum conditions. Indeed,
"under optimum conditions, the cycle life of the silver-cadmium batteries
seems almost uanlimited for practical purposes. For example, Silead batteries
te_'• vacuwa conditions have withstood over 7,000 shallow charge-discharge
•.••cJ... In continuing tests at NCTRU, the Silcad batteries have withstood
130 deep charge-discharge cycles. These cells were activated about 40 months
ago and show no sign of deterioration to date, such as loss of capacity or
sedimen'; accumulation in the bottom of the cells.

A highly functiona! innovation, from a safety standpoint, is the oxygen.-
senrsing warning device shown attached to the backpack in Figure 6. This
ins trument, which was developed by the Beckman Instriment Company, Inc.,
,-der contract to NCTRU, monitors oxygen from a polarographic sensor mounted

i- j) .e p:.,.eniun and warns the wearer by a red light whenever the oxygen level
faJ.Is below or risen above safe values. The unit draws very little current
(the m.aximum, is about 125 ma). Tests have shown that it responds very
quickly to changes ia oxygen partial pressure, is esentially insensitive
to change in temperature and relative humidity, and is' a highly reliable

.,&id apparently nearly maintenance-free device. The entire unit weighs
approximately one pound.. A te2hnical report describes this instrument in
detail and presents the results of the testing done by NCTRU (7).

A low-profile, communications headset compatible with existing sound-
powered Navry gear has been developed by Dyna-Magnetic Devices, Inc., under
contract to NCTRU, for use with the DCS. The headset uses a bone-conduction-
type microphone mounted at the rear of the head. All of the electronics
required for this system are con'-ained within the headset, which weighs
approximately one pound (8).

Exhaustive tests have been conducted on the backpack to determine
airflow rates, cooling rates and the cooling capacity of the freeze canisters.
Taese tests ware held in an environmentally controlled chamber with the use
of am "open circuit" configuration; that is, inlet air was drawn from, but
exahusted outside of, the chamber. The outlet air was not allowed to re-
turn to the backpack as it does when the backpack is used with the DCS.
Testing in this mazmer allowed accurate control oirer both inlet temperature
and relative humidity. Airflow was measured directly with a hot-wire air-

velocity meter (Flowtronic modeL 55A1). A sensor was mounted in a special
flow tube, made and calibrated by Flow Corp., to read directly in cubic
feet per minute. Fxhaust atr from the backpack was passed through the
flow tube end the flow rate continually monitored. Electrical power for
these tests was supplied by a filtered, adjustable, DC-power supply.

5



5. /
Temperature and relative humidity measurements were made with wet and

dry thermocouples. Some a.fficulty was experienced by the drying out of the
wet couples; however, in most tests the humidity was high enough to p:-event
this from happening during the test periods. Signals from the thermocouples
were recorded on a multipoint, Honeykiell temperature recorder.

The rate of water extraction, airflow, and temperature difference
between incoming and outgoing air were used to calculate the rate of heat
absorption by the backpack. Since heat absorption rates were generaly•
de-reasinv and data were taken at the end of every 15-minute period, con-
serv&.ti-a values were obtained.

During testing the ECU was mounted oni a sensitive scale which could be
read to the nearest 1/ 4 -ounce. At the end of every 15-minute period the
increase in the weight of the ECU, due to the condensed water, w.as noted
and recorded for use in calculating the heat absorbed by the freezepack.

Manometers were connected to the ECU at vrarious points of interest so

that the pressure drops through the ECU could be meacured. Typically, the
output of the fan, for a 12-volt motor input, was 30 to 34 cubic feet per
minute at a pressure head of 2 to 2-1/2 inches of water. The pressure loss
between the inlet and the outlet of the freeze packs was typically 0.2 inch
of water.

RESULTS AND DISCUSSION

Water vo Sodium Thiosulphate Solution

The finned, aluminum canisters used for holdiing the refrigerant solu-
tions were supplied by the manufacturer filled with six pounds of a solution
reported to be water with 10-percent sodium thiosulphate and six-percent
alcohol added. The use of this frozen salt solution instead of plain ice
for cooling purposes had been advocated to take advantage of the nega'ive
heat of solution found in some salts and to lower temperature of the melt-
ing ice and thereby enhance the transfer rate of heat from the air to the
canister fins.

Tests were run using both the salt-alcohol-water solution and plain
water frozen in the canisters to determine the relative performance of
both liquids, The initial tests were conducted on the backpack, with the
cooling canisters in place, in a room at 90°F and 65 percent RH. Inlet
air was drawn directly into the backpack from the chamber while exhausted
air was passed through an instrumented flow tuoe used for measuring the
flow rate.

Results from the tests using the solution-filled canisters sho•, " a
very high initial rate of neat absorption but, after about one hour, t..
rate of heat absorption fell to an unacceptably low level though ice
remained in the canisters (Figure 7). In the tests run with plain.-watet-
filled canisters, on the other hand, the rate of heat absoition, af'.-'a
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an initial drop during the first half hour or so, typically increased
during the next half hour and thereafter maintained a relatively high level
until all of the ice was melted. In these tests the total BTU outputs from
the wvater-and-solution-filled canisters (as estimated from the curves in
Figure 7) did not appear to be materially different. Thus, from a perfor-
mance point of view, plain ice appeared to be the better choice.

The initial high rate of heat absorption for both the water-and-
solution-filled canisters occurs before the super-cooled ice starts to
melt. Once melting begins, the insulation afforded by the layer of water
between the ice and the can retards the heat flow. Apparently, once this
layer becomes thick enough, convection currents form which increase the
rate of heat transfer--hence the recovery noted in the rate of heat absorp-
tion in all of the tests using plain ice. Melting of the frozen, sodium-
thiosxl~phate solution, on the other hand, results in the formation of a
viscous slush which presumably inhibits convection. Consequently, the rate
of heat transfer continues to decline.

Additional experiments were conducted to 4nvestigate further the low
rate of heat absorption noted for the solution-filled canisters. A cylin-
drical aluminum can containing four pounds of the sodium-thiosulphate,
alcohol solution was placed in an insulated calorimeter containing 31 pounds
of water at ambient temperature. Provision was made for continually agita-
ting the water and recording its temperature. The experiment was duplicated
using plain-water ice in the can and the results (illustrated in Figure 8,
in which rate of heat loss is plotted against time) Uonfirm the previous

findings that heat is more readily absorbed in plain ice than in ice made
from the sodium-thiosulphate solution. Furthermore, measurements made In
a vacuum-insulated calorimeter, where ice was melted directly in water,
showed that plain-water ice ab.:orbs about five-percent more heat In melting
than ice made from the solution. Thus, since plain-w.ter ice appeared to
be an all-around better performer than the sodium-thiosalphate solution,
it was used exclusively for the remainder of the tests.

Effect of Variables on Rate of Heat Extraction

In general, tests were conducted at the relatively high temperatures
and humidity levels expected to occur a; the outlet of an impermeable suit
containing a working man. Test temperatures ranged from 800 to 1000F and
relative humidities from 80 percent to nearly 100 percent. Three rates of
airflow through the pack were used, that is, 15, 22, and 35 cfm.

Effect of Temperature and RH. The effect of inlet air temperat-ure on
the rate of heat absorption is illustrated in Figure 9. Relative humidity
was held at 80 percent for these tests ana each data point represents the
average of two, and in some cases three, tests. The airflow rate was 35 cffm.

Note that, in general, heat-absorption rates are well above the 3.000
BTU level which is considered to be the practical rninimum reauired for
comeort at the activity leveLs of interest. While temperature has a very

V '7



significant effect on the total rate of heat absorption, its effect on
sensible heat extraction (lower set of curves) is almost insignificant.
This apparent anomaly stems from the higher rate of water condensation
rasulting from the greater moistur6 content of the warmer air.

The effect of relative humidity on heat extraction is shown in Figure
10 for an airflow of 21 cfm and a temperature of 950F. The effect or the
rate of heat extraction of the humidity change from 85 percent to 95 per-

cent is quite small. It is the result of a change of about 12 percent in
the absolute water content of the air. Compare this effect with that in
the previous illustration where a change of almost 60 percent in absolute
water content resulted from the temperature change from 85 to 100OF at
constant RH.

EfI'eet of Rate of Airflow. Figure 11 illustrates the effect of the
rate of airflow through the backpack on the rate at which heat is extractea.
The effect, although apparently quite small between 22 iud 35 cfm, is to
reduce the rate of heat extraction very significantly at 15 cfh.

Figures 12 and 13 show the performance of the chemical pack (breathing
canister) under conditions using a "simulated man" to absorb oxygen and
expel carbon dioxide and water vapor (5). These data demonstrate that,
under the conditions of test, the breathing canisters were able to main-
tain the ambient-oxygen level and to hold the carbon-dioxide level below
O•4 percent.

Test of the ECJ-DCS System

Some tests were run with the ECU attached to a manikin placed inside
the DSC. These tests were held to determine airflow rates within the suit
itself and to determine environmental heat loads on the ECU for different
wind velocities. Figure i4 illustrates the effect of wind velocity on the
rate at which heat was absorbed through the suit. This heat, and the heat
emanating from the wearer's body and from the chemical pack, must be
extracted by the ECU. Note that, at the test temperature of 120 F in a
wind of approximately 1500 ft/min (about 17 mph), approximately 900 BTU/hr
was required to balance t e heat being conducted through the walls of the
suit. Duiing this test, 6he air temperature at the ECU outlet was in the
700 to 75 F range.

In Table I, the effect of external temperature on the heat absorbed
thrcough the suit is presented. It should be noted, however, that sin,!e
these tests were run with the use of a manikin inside the suit the inter.
nal temperatures were much lower than would have been the case had the
suit been manned by a live subject. As a result, the values of heat
absorbed are presumably unrealistically high. For instance, at a 72 0 F ex-
ternal temperature, 230 BTJ/hr were absorbed. If the suit had been manned,
the internal temperature would have been greater than 720 F and the net beat
f1ow would have been in the opposite direction, resulting in a beat loss
instead of a gain. The internal temperature of the suit for this test
averaged about 60 0F.
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Table I. Effect of temperature on heat absorption through DCS.
(with dummy in suit and a 120-fpm wsnd velocity)

External ýemperature Heat absorbed by suit
-F BTU/hr (average for 120 mins.)

l4o 8oo
.-20 550

75 230

Manned Tests

Physiological testing of the entire system in ambient temperatures of
70, 100, and 140OF has been completed and the data are currently being
evaluated. A separate report covering this phase of the testing will be
written.

During these tests, temperature, oxygen, mid carbon dioxide levels were
monitored continuously. During the tests, temperatures within the suit
ranged from 70 to 80°F at the 70°F ambient at the outlet of the ECIU. The 8C
to 100°F ambient and 80 to 1100 F ambient at the 140OF ambient associated
with the higher suit temperatures were very low. Thus metabolic heat could
be dissipated by evaporation even at the high suit temperatures.

The chemical pack was very satisfactory as a source of the 02 and as an.
absorbent of C02. Oxjgen levels within the suit were typically within + 2.0
percent of the ambient level; however, in one instance, the oxygen level did
drop to about 4.5 percent below normal. Carbon-dioxide levels were goner-
ally maintained in the vicinity of 0.2 percent except toward the end of each
test when the levels rose to about 0.6 percent. The maximum level for car-
bon dioxide observed in any of the tests was 1.3 percent.

These tests shower! that the system can support a man for one hour at
1 40°F performing light activity, for at least two hours of light activity
up to 1000 F, and for one hour of moderate to heavy activity at 100°F or
less. The chemical pack, however, was a greater heat burden on the cooler
capacity than had been anticipated from man-simulator tests. It now appears
that more refrigerant fluid will be needed t: balance this additicnal heat
load for the temperature duration activity levels ment'ioned previ czly.

CONCLUSION

The objective of this work was to develop ain environmental control ziit
capable of supporting a man in an impermeatle suit at ambient temperatures
up to 140F 4or periods up to two hours. The results indicate that the two-
hour duration at high temperature has not been met (two hours is possible
up to 100 0 F). At the high temperature (1400), cooling is sufficent for
alout 6C minutes. Oxygen production and carbon-dicx:.de scrubbing appear to
be adequate. The oxygen-sensing warning device works very well and adds a
new safety dimension to the system.

Modlfi':ations contemplated for the ECU, when ftndln:g is avalia tble,
s:e-:-i.d make the suit more comfortable to wear and much more- pra "o•.Jl 'r
i.se In the confined spaces found aboard ship. For inatance, tho FCU, noiw
worn on the back, can be styled in a torso configuration to facilitate
entri through tne small hatches and passagewa,. aboard ship.
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